Objective: To determine the genetic variants in patients with dystroglycanopathy (DGP) and assess the pathogenicity of these variants.
functional laminin-binding glycans. 12, 13 The high expression levels of human POMGNT2 in brain, muscle, heart, and kidney in fetal as well as adult tissues suggest the importance of this gene during development. 7 Three variants (p.Arg158His, p.Trp197*, and p.Arg445*) have been reported in patients with severe WWS. 7, 14 The mildest forms of muscular dystrophies have been reported in primary DGPs, which involves the mutated DAG1, and in secondary DGPs by mutations in FKRP and FKTN. [15] [16] [17] [18] [19] In this study, we report 3 patients with milder types of LGMD with or without intellectual disability. We identified novel homozygous or compound heterozygous missense variants in POMGNT2 and demonstrated the pathogenicity of these variants using cell-rescue experiments and in vitro POMGNT assays.
METHODS Standard protocol approvals, registrations, and patient consents. This study was approved by the ethics committee of the National Center of Neurology and Psychiatry, Japan. All of the participants were enrolled after obtaining their informed consent.
Patient selection. We selected a cohort of 20 unrelated individuals who had been diagnosed with DGP based on their decreased immunoreactivity to an antibody against the glycoepitope and laminin binding according to Western blotting. 20 We confirmed that all 20 patients had no 3-kb retrotransposal insertion in FKTN. 21 Whole-exome sequencing. WES and mapping and alignment of the data to the human genome chromosomal sequence were performed as reported previously. 22 The data were filtered according to the following conditions: (1) mutation effect, i.e., splicing, start lost, exon deletion, frame shift, stop gained or lost, nonsynonymous codon change, codon insertion, or deletion; (2) variation frequency ,0.01 in any of HapMap, ESP6500, 1000 Genomes Project, and Human Genetic Variation Database (HGVD); and (3) inheritance mode, i.e., homozygous variations, X-linked hemizygous variation, or more than 2 variations in the same gene. Variants were confirmed by Sanger sequencing. The compound heterozygosity of variants in P1 was confirmed by cloning and sequencing the PCR product, which spanned c.268-1138 in the genomic DNA.
Pathogenicity of the variants identified. To examine the pathogenicity of the variants identified, we analyzed the functional recovery of dystroglycan in a POMGNT2-knockout (KO) haploid human cell line (HAP1) by transfection with lentiviral vectors, pLVSIN-IRES-ZsGreen (Clontech, Mountain View, CA), which harbored the wild-type or mutated human myc-tagged POMGNT2 cDNA as reported previously. 15 The POMGNT2-KO HAP1 cells were provided by Thijn R. Brummelkamp, PhD, The Netherlands Cancer Institute, and cultured as reported previously. 23 For analyzing the recovery of glycosylation in a-dystroglycan, the POMGNT2-KO HAP1 cell lines were transfected with myc-tagged wild-type or mutated POMGNT2 constructs and pUCV-BSD, and the transfected cells were then selected with blasticidin S. The glycosylation in a-dystroglycan was analyzed by Western blotting and laminin overlay after immunoprecipitation of the dystroglycan complex. 20 The immunoprecipitation of the dystroglycan complex from HAP1 cells was performed according to previous reports with slight modifications in which 1% triton buffer and polyclonal antibody against b-dystroglycan were used for protein extraction and precipitation, respectively. 24 The antibodies used in this study are listed in POMGNT2 assay. To analyze the localization of POMGNT2, myc-tagged wild-type or mutated human POMGNT2 cDNA was transfected into HeLa cells. To determine the POMNT2 activity, the lysates were prepared from the membrane fractions of HEK293 cells and used on the POMGNT2 activity measurement based on the catalysis of GlcNAc transfer to a synthetic substrate, 4-methylumbelliferyl-a-D-mannose, as described previously. 12 Statistical tests were performed using GraphPad Prism (GraphPad Software, La Jolla, CA). Paired data were analyzed using the Student t test. Graphs were plotted showing the mean 6 SD.
RESULTS

Identification of POMGNT2 variants by
WES. After WES analysis in a cohort of 20 unrelated patients with DGP, we identified 3 male patients who harbored possible variants in POMGNT2. We hypothesized that recessive mutations were present in these patients and identified the following: 20, 32, and 9 genes with homozygous variations; 14, 15, and 21 genes with compound heterozygous variations; and 8, 6, and 4 genes with X-linked hemizygous variations, in P1, P2, and P3, respectively. In the known causative gene of DGP, we identified 2 heterozygous variants, c.494T.C and c.785C.T in POMGNT2 in P1, and homozygous variants of c.785C.T in P2 and P3. In addition, we identified variations in genes involved in glycosylation and metabolism pathways, i.e., compound heterozygous variations in MAN2B and B3GNTL1 in P2 (data not shown). Variations in muscle disease-causative genes were also identified, i.e., compound heterozygous variations in TTN in P3 (data not shown). However, we did not analyze the pathogenicity of these variations.
All of the POMGNT2 variants identified in the patients were confirmed by Sanger sequencing ( figure  1A ). After analyzing 24 clones of Escherichia coli based on PCR fragments spanning c.268-1138 in P1, we found that 12 clones possessed only the c.494T.C variant and the other 12 had the c.785C.T variant indicating compound heterozygosity. The variants c.494T.C and c.785C.T are predicted to lead missense substitutions, i.e., p.Met165Thr and p.Pro253Leu, respectively. In silico functional predictions showed that both substitutions would be deleterious in Polyphen2 and SIFT. Both residues are located in the putative glycosyltransferase domain, and they have been highly conserved during evolution (figure 1, B and C).
Clinical features. The clinical information is summarized in table 1.
Family history. All 3 patients were from a nonconsanguineous marriage and had no family history of neuromuscular diseases or intellectual disabilities.
Muscle defects. P1 was noted to have become delayed in his motor development immediately after recovering from a respiratory tract infection at 11 months. Myositis was diagnosed because of elevated creatine kinase (CK) levels of 3,000 IU/L (reference range: 20-145 IU/L) and biopsy findings as described below. It was not certain whether a screening of antibodies was performed. He was treated with steroids and his motor development improved gradually, although the high CKemia continued. He walked at 2 years, but did not run. When he was a junior high school student, he could walk upstairs and squat from the sitting position. When he was reexamined at age 28 years, he could not walk uphill or downstairs without handrails and had difficulty standing from a squat because of weakness in the proximal lower limbs. His calves were mildly enlarged, which had not been noted at onset. He could raise his arms but not a heavy load. There was no prominent facial weakness or scapular winging. P2 was first found to have a serum CK level of 13,000 IU/L at age 13 years on a follow-up examination concerning congenital biliary atresia. He underwent muscle biopsy, although he had no muscle symptoms, and was diagnosed with DGP. He showed no fatigue or weakness at 19 years, but calf hypertrophy was detected and high CKemia continued. P3 had normal motor milestones and was found by chance to have high CKemia (3,000-9,000 IU/L) at age 4 years. Muscle biopsy was performed at age 8 years and he was diagnosed with DGP. At age 14 years, his calves were moderately enlarged, but the muscle power in his limbs was very strong and his whole-body muscle volume was sufficient.
Intellectual disabilities. Intellectual development in P1 and P3 was slow. P1 spoke his first few words at 18 months, and he began to communicate using simple words before going to primary school. He could not keep up with classwork, so he went to a special school to support his learning. His IQ was less than 35 at age 28 years. P3 spoke meaningful words with no sentence formation at age 6 years. He had hyperactivity disorder, and Wechsler Intelligence Scale for Children-III testing showed that his IQ was 60 at age 14 years.
Ocular defects and others. None of the 3 patients had problems with his eyes, heart, or kidneys. P2 had congenital biliary atresia at birth and vitamin K deficiency, which resulted in intracranial hemorrhage. He received a living liver transplantation at age 17 years. Muscle imaging. MRI of P1 detected diffuse atrophy in the skeletal muscles, especially in thigh muscles. Muscle images of P2 and P3 detected no atrophy or fatty change in the skeletal muscles (figure 2A).
Brain imaging and EEG. Brain MRI showed no abnormality in P1 or P3 (data not shown). CT scanning of P2 detected no anomalies except for aftereffects of intracranial hemorrhage at birth. EEG of P1 at 11 months revealed asymmetric activity in sleep stage, i.e., decreased spindles in the right occipital region. There were no follow-up examination data. P2 had not been examined and P3 had normal EEG results.
Histologic features based on muscle biopsy. Biopsy of P1 at 11 months detected numerous necrotic fibers, some regenerating fibers, marked cellular infiltration in the endomysium, perimysium, and perivascular regions, and moderate endomysial fibrosis. The muscle histology in P2 at age 13 years was almost normal except for some fibers with internal nuclei. P3 at age 14 years exhibited a muscular dystrophy-like appearance, including necrotic and regenerating fibers, fibers with internal nuclei, and mild endomysial fibrosis. Immunohistochemistry was positive for b-dystroglycan, dystrophin, merosin, and sarcoglycans, but negative for the glycoepitope of a-dystroglycan (figure 2B) in all 3 patients. Immunostaining in P1 was performed at 23 years but not at onset. Western blotting with the glycoepitope antibody and the laminin overlay assay of muscle proteins detected specific patterns with 2-weak reactive bands at 150 and 120 kDa, whereas 3 bands at 150, 120, and 90 Muscle imaging and hypoglycosylation of a-dystroglycan (A) Images of the thigh and calf muscles of the patients. P1 (at 28 years) exhibited atrophy and mild fatty infiltration in thigh muscles, but the triceps surae muscles were rather normal. P2 (at 19 years) and P3 (at 14 years) had sufficient skeletal muscle volumes and no fatty change. P1 and P3: T1-weighted image; P2: CT image. (B) Histology and immunostaining of skeletal muscle from the patients. The muscle histology in P1 exhibited a muscular dystrophy-like appearance, including necrotic and regenerating fibers, fibers with internal nuclei, and mild endomysial fibrosis, whereas those of P3 were mild and of P2 were almost normal except for some fibers with internal nuclei according to hematoxylin and eosin staining (HE). All muscles were positive for antibodies to b-dystroglycan (b-DG), but negative for the glycoepitope antibody to a-dystroglycan (a-DG VIA4-1). (C) Western blotting with VIA4-1 antibody and the laminin overlay assay of muscle proteins detected 2 reactive bands of a-DG at 150 and 120 kDa, whereas the GT20ADG antibody against the core peptide detected an additional band at 100 kDa. b-DG staining was normal.
kDa were detected with the GT20ADG antibody, which recognizes the polypeptide of a-dystroglycan ( figure 2C ). b-Dystroglycan was normal.
Subcellular localization of mutated POMGNT2. The transfected myc-tagged wild-type POMGNT2 protein colocalized with ER proteins ( figure 3A) . Similarly, the myc-tagged p.Met165Thr-and p.Pro253Leu-substituted POMGNT2 proteins were also localized in the ER.
POMGNT activities of missense-substituted proteins.
The wild-type and missense-substituted POMGNT2
proteins had similar expression levels in human embryonic kidney cells, thereby indicating that these variations do not affect protein folding and stability ( figure 3B ). The specific POMGNT activities of both the missense-substituted proteins (p.Met165Thr and p.Pro253Leu) were greatly reduced to less than 10% of that of the wild-type POMGNT2 ( figure 3C ).
Rescue of POMGNT2-KO HAP1 cells by wild-type and missense POMGNT2 cDNA. To determine the pathogenetic effects of the 2 missense variants identified in the patients, we transfected lentiviral vectors with wild-type or substituted POMGNT2 cDNAs (p. Met165Thr and p.Pro253Leu) into POMGNT2-KO HAP1 cells, which exhibited defects in their reactivity to the anti-a-dystroglycan antibody, IIH6. The POMGNT2-KO HAP1 cells were rescued by introducing the wild-type cDNA, thereby demonstrating the recovery of the strong immunoreactivity to IIH6, which was similar to that in the wild-type HAP1 cells. By contrast, the introduction of cDNAs with p.Met165Thr and p.Pro253Leu failed to rescue POMGNT2-KO HAP1 cells, which did not stain with the IIH6 antibody ( figure 4A ). The wild-type HAP1 cells produced 110-kDa glycosylated a-dystroglycan, which reacts with laminin. By contrast, the POMGNT2-KO HAP1 cells expressed the 90-kDa a-dystroglycan, which is recognized by the peptide-core antibody, GT20DAG, but it reacts negatively with IIH6 and laminin. The introduction of wild-type POMGNT2 cDNAs into POMGNT2-KO HAP1 cells recovered the production of the 110-kDa glycosylated a-dystroglycan, which was able to bind to laminin, whereas the introduction of the p.Met165Thr-or p. Pro253Leu-substituted POMGNT2 cDNAs failed to recover the glycosylation and laminin binding of a-dystroglycan (figure 4B).
DISCUSSION In this study, we identified 3 patients with DGP, 1 who had compound heterozygous and 2 others who had homozygous variants in POMGNT2. According to the DGP classification, 25 P1 had LGMD with mental retardation, whereas P2 and P3 had high CKemia without muscle weakness with or without intellectual disability. The clinical phenotypes of our patients were much milder compared with those of previously reported patients with WWS. 7 The pathologic findings were in proportion to the clinical severity. Our findings expand the clinical and pathologic spectrum of DGP associated with POMGNT2 variants from the severest WWS to the mildest LGMD phenotypes.
P1 was believed to have myositis for over 20 years because immunohistochemical analysis was not performed during the first pathologic analysis. P2 was diagnosed as normal based only on a set of routine examinations without immunohistochemistry. Thus, some patients with DGP associated with POMGNT2 mutations with milder phenotypes may have escaped diagnosis, or they could have been diagnosed with myositis or asymptomatic high CK. Our patients experienced no disturbance to their cardiac, respiratory, or renal functions, whereas cardiac involvement has been reported in ambulant patients with DGP.
One of the identified variants, c.785C.T, was found in the ESP6500 database with an allele frequency of 0.000077, but we could not find this variant in HGVD, the genetic variation database for the Japanese population. If we assume that the frequency rate is the same in the Japanese population as ESP6500, then the prevalence of homozygous patients is expected to be 1 in 168 million individuals. However, we found 2 homozygous patients with this variant, although the overall Japanese population is 120 million, so the allele frequency of this variant in the Japanese population may be higher than that in western countries.
As reported previously, the hypoglycosylation levels of a-dystroglycan are not correlated consistently with the clinical severity. 26 Nevertheless, our patients exhibited a specific pattern of a-dystroglycan, with 3 bands of different sizes based on Western blotting with a peptide-core recognition antibody. Two larger isoforms also reacted with the glycoepitope antibody and laminin, whereas the smaller one did not, thereby suggesting that there were at least 3 glycoforms of a-dystroglycan in these patients. The remaining laminin-binding abilities of a-dystroglycan may be related to the milder symptoms of the patients, as suggested previously by a DGP model in mice, where smaller amounts of the functional a-dystroglycan were sufficient for maintaining muscle function. Moreover, this specific pattern with 3 bands of a-dystroglycan differs from those in milder forms of DGP with FKTN or DAG1 mutations, which we have reported previously. 15 , 16 Thus, we hypothesize that a reduction, rather than the complete loss, of the enzymatic activities due to missense mutations in FKTN and POMGNT2 may generate intermediate glycoforms of a-dystroglycan. However, it is important that the pattern of a-dystroglycan glycosylation in patients will be determined by the residual function of the affected enzyme. POMGNT2 functions in the ER, where it transfers the second GlcNAc residue during the synthesis of the core M3 chain (GalNAc-b3-GlcNAc-b4-Man-aSer/ Thr), which is believed to be a platform structure that is essential for the initiation of heteropolymer "LARGE glycan" synthesis, 12, 27 whereas FKTN functions in LARGE glycan extension in the Golgi. 28, 29 Further analyses should clarify the relationship between genetic variants and the glycosylation pattern of residual a-dystroglycan.
Both of the variants that we identified (p.Met165Thr and p.Pro253Leu) were located in the putative glycosyltransferase domain and they were predicted to be deleterious by in silico. Our results showed that these missense variants did not affect the subcellular localization of protein products in the ER, 14 and that the PONGNT2 enzymatic activities were greatly reduced, but not lost. These results also suggest that these missense variants may be the cause of milder symptoms in the patients because of the reduced activity of POMGNT2. According to a previous report and the present study, all of the identified missense variants are located in the putative glycosyltransferase domain. Based on comparisons of the patients' symptoms, we suggest that the c.758C.T (p.Pro253Leu) mutation is associated with milder phenotypes in both the muscles and brain, compared with c.494T.C (p.Met165Thr) and other reported mutations, although we found no differences in the in vitro enzymatic activities and glycosylation recovery in the complementation tests between 2 mutated POMGNT2 proteins. Furthermore, P2 and P3 had the same variants and exhibited similar phenotypes in their skeletal muscles, but there were slight differences in their clinical phenotypes in other organs because P2 had congenital biliary atresia but had normal intelligence, whereas P3 exhibited intellectual disability and hyperactivity. However, the congenital biliary atresia in P2 and hyperactivity disorder in P3 may not have been due to the variation in POMGNT2.
In this study, we also performed phenotypic rescue experiments using POMGNT2-KO HAP1 cells based on lentivirus-mediated expression of mutated cDNA in the same manner as DAG1 variants. This method was sensitive in evaluating the pathogenic effects of the identified mutations rapidly and easily, even when the mutations were milder. We extended this mutation-based assay to Western blotting and laminin-overlay analyses to obtain objective and semiquantitative results. This method is technically as simple as immunostaining or Western blotting using muscle samples from patients; therefore, it may allow researchers to evaluate any variants present in all of the known causative genes and the variants in novel candidate genes to detect DGPs, particularly without using patients' specimens.
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